Fossil-derived fuels currently supply 86% of the world's energy, even though it represents a finite resource. With the aim of reducing the fossil fuels dependency, alternative sources of energy have been pursued in recent years. In view of the urgent need to develop new technologies that may enable environmentally friendly forms of energy to become widespread, biofuels in general and biodiesel in particular are receiving considerable attention throughout the world and especially in Brazil. Given the high quality of its oil, which meets the rapeseed quality standard and can be easily converted into biodiesel, and because of its wide adaptability, physic nut has been considered a potential crop to serve as feedstock for biodiesel production. Popular claims, e.g. enhanced drought tolerance, low nutrient requirements, pest and disease resistance, have also helped to increase the expectations of the crop, even though most of these claims are yet to be supported by scientific evidence. However, the fact is that besides its advantageous characteristics, physic nut cultivation is challenging as it is a quasi-undomesticated species. In that context, this review seeks to demonstrate the physic nut potential as a biofuel crop, highlighting, however, the challenges to its wide adoption as a fuel crop. Despite facing enormous challenges (as detailed below), our cautiously optimistic vision is that a substantial and focused research programme may make physic nut a viable feedstock for biodiesel production. We detail the Brazilian research initiative that is addressing many of these challenges.
Introduction
Fossil-derived fuels currently supply most of the world's energy, even though they represent a finite resource [1] . With the aim of reducing fossil-fuel dependency, alternative sources of energy have been pursued in recent years. In view of the urgent need to develop new technologies that may enable environmentally friendly forms of energy to become widespread, biofuels in general and biodiesel in particular, are receiving considerable attention throughout the world and especially in Brazil (B. G. Laviola et al., unpublished data) [3] [4] [5] .
Oil extracted from species such as canola (oilseed rape; Brassica napus L.), soyabeans (Glycine max L.), castor beans (Ricinus communis L.) and sunflower (Helianthus annuus L.) have been traditionally used for biodiesel production [1, 6] . Current estimates indicate that 600 kg/ha is the approximate oil productivity of these traditional species. As 40-60% of the biodiesel production costs are related to feedstock costs, increasing the average oil productivity should prove to be an effective approach in increasing the competitiveness of biodiesel compared with gasoline and ethanol. In that context, it is noteworthy that research should aim not only at improving the production system and but also at incorporating new undomesticated energetic species to the list of biofuel crops, e.g. physic nut (Jatropha curcas L.) and some tropical palms such as macuba (Acrocomia aculeata [Jacq.] Lodd. ex Mart.) [4, 7] . In this context, the use of non-edible species in Brazil is highly desirable as it offers the advantage of not competing with food crops in terms of area and resources. It must be highlighted here that avoidance of competition is expected for Brazil, a continental country with millions of hectares available for agriculture expansion, but it does not necessarily apply to other countries, where food agriculture occupies almost the entire available agricultural land. In such countries, the cultivation of non-edible species will almost certainly compete with food crops for land and resources.
Given the high quality of its oil, which meets the rapeseed quality standard and can be easily converted into biodiesel, and because of its wide adaptability, there is increased interest in researching the potential of physic nut ( Figure 1 ). Moreover, because of these characteristics, physic nut has been considered a potential crop to serve as feedstock for biodiesel production [5] . Popular claims, e.g. enhanced drought tolerance, low nutrient requirement, pest and disease resistance, have also helped to increase the expectations of this crop [8] ), even though most of these claims are yet to be supported by scientific evidence [8] . However, despite its advantageous characteristics, physic nut cultivation is challenging as it is a quasi-undomesticated species (Figure 2) .
In that context, this review seeks to demonstrate the potential of physic nut as a biofuel crop, while highlighting the challenges to its wide adoption as a fuel crop. We also detail the Brazilian research initiative focusing on these challenges.
Physic Nut Potential as a Biofuel Crop
Physic nut is a perennial shrub of the Euphorbiaceae family. Although it is thought to be native to Central America [9] , it is currently widely dispersed throughout the world. Physic nut has spread beyond its original distribution because of its hardiness, easy propagation, drought endurance, high oil content, low seed cost, short gestation period, rapid growth, adaptation to wide agroclimatic condition, bushy/shrubby nature and multiple uses of different plant parts [8] . Added to this, physic nut offers the advantage of being suited for being cultivated on wastelands/degraded lands. A worldwide interest ( Figure 1 ) in physic nut has developed since it has been shown that it has an enormous potential to be used as a biofuel feedstock [8, 10] . In Brazil, for example, physic nut has been considered as a potential crop to meet the National Program for Production and Use of Biodiesel, recently launched by the Brazilian government [5] . It has been shown that a single physic nut plant (non-improved genetic material) can currently produce as much as 2.5 kg of grains [11] , with an oil content of 30-40% [12] [13] [14] . In such a scenario, a single plant can therefore produce 0.75-1.0 kg of oil. It is reasonable to speculate then that considering that 1250 plants can be cultivated in a hectare (4Â2 m spacing), physic nut has the potential to produce 930-1250 kg of oil per ha. This estimate, however, is likely to be revised, as improved physic nut cultivars are expected to be developed.
Another important characteristic that makes physic nut a potential biofuel cop is that its oil is relatively simple to convert to biodiesel either by chemical [15] or biological transesterification reactions [16] . The crude physic nut oil also meets the fuel quality standards of rapeseed and can be easily converted into a biodiesel that meets Brazilian, US and European standards. Worldwide statistics are unclear, but estimates indicate that an area of over 40 000 ha is currently planted with J. curcas in Brazil alone [4] , with a trend of expansion in the upcoming years.
Challenges in Making Physic Nut a Viable Biofuel Crop
Physic nut can be considered a quasi-undomesticated species, as currently no elite cultivars are available [17] , and because defined production systems are not yet available. In Brazil, current commercial planting are in initial phases of implantation, with plants that are less than 4 years old [5] . In order to bust such implantation processes, basic knowledge of seed production techniques is paramount, as well as information on propagation systems, planting density, pruning systems (either for formation or maintenance), mineral nutrition and fertilization and perhaps most important, correct management practices ( Figure 2) . Along with such limitations, one has also to consider the cultural regulation aspects, such as cultivar and input, e.g. pesticides and fungicides, and registration. Physic nut is susceptible to a wide range of diseases and pests. One of the most important diseases that currently affects physic nut plantations in Brazil is caused by the powdery mildew fungus Oidium hevea [18] . Mildew occurs on seedlings and on trees in the field. The main sign of infection is the presence of a whitish mycelium over the leaves and shoots [18] . Even though the infection can be mitigated with the application of fungicides, the use of resistant plants is seen as the best strategy in the mid-to long-term. In that context, however, virtually nothing is known about genetics and molecular aspects of the physic nut-O. hevea interaction, and dedicated studies are necessary to obtain such information.
Another important aspect of physic nut is its toxicity. The most problematic toxic components are probably a number of phorbol esters found in high concentrations mainly in the seeds [8] . As phorbol esters are compounds known to cause severe biological effects, including inflammation and tumour promotion [8] , removal of such compounds is imperative in order to make use of the press cake, perhaps the physic nut co-product with the highest potential to supply feedstock or act as a crop fertilizer. Physic nut seeds also contain a trypsin inhibitor, lectins and phytate that are antinutritional factors in relation to a potential use of the press cake for animal feed. However, both trypsin inhibitor and lectins can be completely denatured and destroyed by exposure to elevated temperature, as occurs before and/or during the oil extraction process technology. The addition of synthetic phytases might mitigate the phytate problem.
Besides these technical and biological aspects of Jatropha cultivation, there are other challenges, mostly related to the lack of reliable statistics on crop production. Currently, there is no conclusive information about grain and oil productivity in the environmental conditions of commercial planting. In experimental evaluations, oil content was estimated to be 20-40% [12] [13] [14] . However, grain yield and oil content is expected to be heavily affected by abiotic (e.g. nutrition, drought and management practices) and biotic (e.g. pests and diseases), and age factors. With regard to this last concern, it has been initially shown that the productive climax occurs after the fourth or fifth year [19] , and plants can produce as much as 2.5 kg of grains [11] . As this information is pivotal to determining the economic viability of the crop, in-depth studies are urgently needed.
As follows from the above, it is evident that currently physic nut cultivation is not as viable as it could be because of the innumerable aspects that must be resolved. However, we believe that a substantial and focused research programme may successfully make physic nut a viable feedstock for biodiesel production in a couple of years. Below we review then the Brazilian research programme on physic nut.
Facing the Challenges: the Brazilian Initiative
Building foundations on genetic resources, genomics and breeding Even though current estimates indicate that an area of over 40 000 ha is planted with J. curcas in Brazil [4] , no elite (improved) cultivars are available [17] . Because of that, much of the research effort is concentrated on building resources that may allow the genetic improvement of the species [4, 8, 10] . In that context, to support future breeding efforts, a germplasm bank with nearly 200 accessions was assembled and initially characterized in Brazil [4, 5] . This germplasm bank is one of the largest established in the world in terms of the absolute number of accessions, and represents most of the genetic variability of the species in Brazil [4] . The initial characterization of the bank, using phenotypic [5] and molecular data [4] , indicated that, although limited (similarity-based clustering revealed only 43 unique multilocus profiles in the 192 accessions), there is genetic variability available for breeding purposes (B. G. Laviola et al., unpublished data). Based on our experience, and on the results of current experiments, it seems that although limited, the genetic variability is sufficient to ensure elevated genetic gains can be obtained based on the selection of superior individuals and families. It is important to mention that genetic diversity estimated on the basis of neutral molecular markers does not always resemble the genetic variability for traits of interest, as the markers can be located in genes not directly involved in the genetic control of the trait, or even in non-coding regions. In this way, we believe that the accessions represented in the Brazilian germplasm constitute an initial population that can be used for breeding purposes. Of course, since the variability is limited, the addition of new accessions, collected from the centres of origin and diversification of the species will be highly desirable and necessary to ensure that genetic gains can still be obtained in long term.
As intra-populational recurrent selection is probably the most suitable way, to rapidly improve the frequency of favourable alleles for traits of interest, an initial study of the breeding potential of the Brazilian material (germplasm bank accessions), suggested that, based on the repeatability coefficient of yield data, three consecutive measurements are necessary to predict, accurately and efficiently, the true breeding value of an individual (B. G. Laviola et al., unpublished data). As physic nut can be harvested every year, these three measurements must be taken in three consecutive harvests, i.e. three consecutive years. Genetic correlations among the numerous traits of interest were also obtained, providing starting points for indirect selection of the best individuals and to better design management practices (detailed below). However, as no elite cultivars are currently available, and because breeding approaches based on recurrent selection of elite genotypes are only on its initial stages, rapid development and release of improved physic nut cultivars is highly desirable. It is well known that generally productivity is a polygenic trait, based on quantitative gene expression, with low heritability as it is strongly affected by the environment. In physic nut, genetic studies, with appropriate experimental design were carried out, to assess the variability and inheritance of this trait [5] . These studies demonstrated that both individual heritability and heritability of progeny means are elevated (~70%) [5] , providing evidence that selection for higher-yielding genotypes is possible. In that context, another study conducted in the Brazil (B. G. Laviola et al., unpublished data) demonstrated (i) that early selection of physic nut is possible, (ii) that it can promote high genetic gains on the initial stages of the breeding programme and (iii) that genotypes with enhanced productivity can be potentially selected and released as improved cultivars. Moreover, it demonstrated that genetic improvement of physic nut can be performed, at least on its initial stages and with the expense of a lower accuracy, based on intra-populational recurrent selection with early selection as an alternative to the slower, and more accurate, intra-populational recurrent selection with three consecutive measurements (B. G. Laviola et al., unpublished data).
Coupled with traditional breeding methods (i.e. assessment of the variation in wild sources, or germplasm collections, selection of superior/elite genotypes, formation of a breeding population to be improved based on recurrent selection breeding schemes) physic nut improvement http://www.cabi.org/cabreviews could also be benefited by application of genomic breeding strategies, e.g. the use of molecular markers in markerassisted selection (MAS) [21] and genomic selection (GS) [22] . The rationale is that the physic nut small genome size ($400 Mb) is a favourable feature for the use of such tools. In-depth studies and proof-of-concept experiments are then needed to test the efficiency in integrating genomic breeding tools in physic nut improvement. Accordingly, by adopting the strategy to sequence and align cDNA from various physic nut individuals, a large SNP (single nucleotide polymorphism) study is currently underway in Brazil. Initial results indicated that thousands of SNPs were discovered and additional validation of such SNPs could prove to be efficient to build a chip, with hundreds to thousands genotypable SNPs. DArT (Diversity Array Technology) markers are also being developed in collaboration with Diversity Arrays Technology Pty Ltd. Such resources (SNPs and DArTs chip) could potentially be used to assist breeding efforts, either by MAS strategies (marker-assisted recurrent selection (MARS) or GS) in the near future. Powdery mildew resistance and nontoxicity (more details below) are among the traits that could be initially targeted by MAS, and productivity and oil content among the ones that are to be targeted by GS. Moreover, as Synthetic Genomics Inc. and the Asiatic Centre for Genome Technology have recently completed the Jatropha Genome Project, annotation of the genome is expected to identify genes of interest and molecular markers. As tissue culture protocols are currently being established for regeneration of physic nut genotypes [23, 24] , genetic transformation and gene transfer can perhaps be an alternative way to modify the plants or introduce genes for important traits, especially for those for which variability is unavailable.
Establishing the framework of a competitive production system
One of the most popular claims about physic nut is that it tolerates low technological levels in its cropping conditions. However, in such conditions, productivity is low, making it an economically unfeasible crop [3, 25] . Although physic nut is indeed a species considered to be rustic and adaptable to different environmental conditions, it is now clear that physic nut needs cultivation technologies (fertilization, pest and disease control, management practices, etc.) in order to achieve economic levels of oil production.
In order to establish a production system, an important issue that we are considering is the plant phenology. All management practices depend upon this information. Because of that, research specific aiming at elucidating physic nut phenological cycle is paramount. Although the phenological phases are not rigid, the duration of each phase is likely to be influenced by environmental conditions that occur in a specific region or year. Considering this, we have attempted to study the plant's phenology in one of the main Brazilian vegetation, the savannah (also known as cerrado). The results of such effort indicate that initial establishment of the plants is probably one of the most important phases, as any stress that occurs in this phase can compromise the plants architecture and hence plants future yield. It is now clear that, following the second year, the phenological phases occur in repeated in cycles. During the raining period, with the rise of the temperature and humidity, the plant's vegetative growth reaches its apex, with the formation of new shoots and inflorescences. In the Brazilian conditions, fruiting occurs on average 3 months after the start of the growing season, mostly in the terminal gems of the shoots recently grown. In that respect, it is noteworthy that the production of new inflorescences is highly dependent on continuous vegetative growth. This data indicate then, in this period it is important to correctly manage the plants, i.e. by avoiding the occurrence of biotic and abiotic stresses, so as to allow that it express all its potential. At the end of the growing season, with the drop of temperature and humidity, a rest period begins. In this period, physic nut loses its leaves and remains in rest conditions until the beginning of the next vegetative growth phase.
As previously mentioned, phenological data support perhaps all the management practices and decision making. With the aim of providing the plants with an ideal environment at the vegetative growth stage, the control of invading seeds, pests and diseases is imperative. According to Dias et al. [19] , a number of pests and diseases from other plant species attacks physic nut. Currently, there are no specific pesticides and fungicides recommend for the culture and because of that, an integrated management approach is being pursued. Such an approach considers at the same time the adoption of cultural, chemical and biological strategies to control undesirable biotic interactions. In that context, the development of cultivars with enhanced resistance/tolerance to such strategies is seen as one of the best approaches. Initial results are encouraging in that respect, as genotypes resistant to many of these stresses were already identified in the Brazilian germplasm bank (unpublished data).
When trying to develop a production system dedicated to physic nut cultivation, it is important to determine the plant's responses to mineral nutrition. Initial results gathered in Brazil indicate that physic nut responds well to fertilizer application, and a correct balance of nutrients is required to assure that the plant's present a satisfactory fruit production [3] . This reinforces that annual fertilization is necessary, so as to supply enough amount of nutrients to support the plant's vegetative growth and reproductive development.
Another issue that has been a matter of study in the context of the Brazilian research initiative on physic nut is the effect of pruning. Two types of pruning are being tested: formation and conduction/production pruning [19] . The objective of the formation pruning is to standardize the plants (in terms of number of basal branches and height) and to favour the basal shoot ramification by 'breaking' the apical dormancy (the apical meristem is actually removed). On the other hand, the objective of conduction/production pruning is to renew the production of branching parts, as well as to reduce the plant's size, facilitating cultural practices and fruit harvesting. Even though the effects of these techniques are still being evaluated, it seems to be very promising as it contributes to standardization of fruit production (unpublished data).
Considering fruit production, the most important aspect that is currently being studied is maturation uniformity. In general, maturation is quite uneven and discontinuous during the production period (which last between 4 and 5 months under Brazilian conditions). Because of these characteristics, fruits must be harvested on four or five occasions, increasing the production cost (discussed below). In order to mitigate this effect, two approaches are currently being researched. The first is to improve specific genetic material so as to display concentrated and uniform fruit maturation. Such an approach depends on the existence of genetic variability for this trait in the germplasm bank. The second approach relies on the application of exogenous chemicals that standardize fruit maturation. Both approaches are in their initial stages and no conclusive results are available.
Currently physic nut fruits are harvested manually. Mechanized and semi-mechanized harvest systems are under development in Brazil, taking advantage of the knowledge gathered with other perennial crops, e.g. coffee. Correct dimensioning of such systems depends on the size of the genetic material to harvested, and on the plant density, which ultimately depends on planting spacing. These issues are still being studied, and as soon as these results are available, correct dimensioning of harvest systems will be possible. These mechanized and semi-mechanized systems are expected to improve harvest efficiency, lowering significantly the costs of physic nut production.
Enabling the use of co-products as a way to add value to the culture The cake that results from pressing the physic nut seeds may potentially constitute an excellent organic fertilizer, as it is rich in nitrogen, phosphorous and potassium [26] . As the press cake is also rich in protein (43-63%, depending on the method used for oil extraction), it could be also used along with the fruit shell as a high protein supplement in ruminant feeds. However, such uses are currently impossible given the high levels of toxicity that occurs in the species. As previously mentioned, a number of phorbol esters are found in high concentrations, mainly in the seeds. Removal of the phorbol esters during processing is achievable [27] . However, the presence of possibly toxic phorbol ester degradation products after treatment cannot be ruled out [8] . With the aim of resolving this problem, we are currently focusing on two different, yet complementary, approaches to completely remove the phorbol ester from physic nut seeds.
The first approach relies on the identification of phorbol-ester-free genotypes in our germplasm bank. The current data indicate that as toxicity, in terms of phorbol esters presence seems to be expressed qualitatively [28] , it may be regulated by only one or a few genes. It has also been suggested that the trait is subject to maternal inheritance, i.e. the phenotype of the mother tree is passed on to the progeny. This mode of inheritance was suggested earlier by Sujatha et al. [28] ; however, this remains to be proven. In that respect, we have already identified a couple of genotypes with such characteristics (genotypes that are primarily of Mexican origin) and we are now confirming the genetic basis of such traits in our genetic material, through the generation of large segregating populations and genetic mapping. The intention is to map the locus (or loci) responsible for (non)toxicity with molecular markers that we are currently developing, as by doing so it will be possible to use the markers indirectly to select non-toxic genotypes in the context of the species breeding programme. If the non-toxicity is indeed passed from the mother to the progeny, this would have a profound effect on breeding programmes worldwide, as the main traits subjected to improvement generally do not follow this mode of inheritance. The incorporation of a trait subjected to maternal inheritance in breeding programmes will force breeders to consider this information while designing the crosses that will be made in a given year.
The second approach relies on the application of the following treatments: (i) thermoplastic extrusion process associated with chemical additives, (ii) solvent washing and (iii) biotransformation (by means of fungus/yeast). The main focus here is on detoxifying the press cake, either through the removal of the phorbol esters or modification of the phorbol esters molecules, so that the new form loses its toxicity.
Together these approaches are intended to enable the use of the physic nut press cake, which is the main coproduct generated with the crop's production, either as an organic fertilizer or as a supplement in ruminant feed. The absence of phorbol esters guarantee that no soil, animal or human contamination occurs. Such action will also undoubtedly add value to the crop, as the press cake could then be commercialized. In terms of a crop that only now is beginning to be cultivated, mainly by small farmers in Brazil, this would represent a tremendous advance.
Economic viability in different scenarios and cultivation perspectives
The determination of the economic viability of physic nut cultivation is important. It is necessary to consider that http://www.cabi.org/cabreviews physic nut cultivation can occur in different scenarios: (i) large production systems at a high technological level, (ii) small production systems with mid-technological level and (iii) small production systems at a low technological level, associated or not with an intercrop (e.g. another oleaginous species, grasses or even food-producing species) and/or with livestock.
Considering the first scenario, it is clear that improved genotypes are necessary. Such improved genotypes must have elevated grain and oil productivity, as in this particular case, the physic nut is the main product. The genotypes are also expected to be highly responsive to improved environmental conditions, as in this scenario fertilization and irrigation is likely to be routine, and highly resistant/tolerant to biotic and abiotic stresses, as marginal areas are the ones most likely to support large physic nut plantations (in order not to displace food crops). As research advances in the propagation field, such improved genotypes are expected to be commercialized as clones, capitalizing on all the genotypic potential of the individual. Mechanization of both production practices, e.g. weeds, pest and disease control, and harvest will be a sine qua non condition, as the costs of manual production are too high, in order to make the business viable. All these conditions undeniably imply elevated costs. However, by using highly yielding individuals, fertilization, irrigation and mechanized practices, oil yield is expected to be maximized, and considering that such plantations are expected to be very large, the gains will come as function of the scale of the venture. Moreover, the press cake can be commercialized, generating extra profit, and enhancing the viability of the plantation.
It can be argued that industrial-scale farming of physic nut, with high inputs (water for irrigation, fertilizers, pesticides and good soil) would lead to the failure of many principles of sustainability of biofuel production, thus exposing this new crop to negative effects of pressure from environmental groups, and that research should be focused on other oil producing crops that have already faced all these problems, e.g. oil palm. However, the Brazilian National Program for Use and Production of Biodiesel stimulates planting of a diverse array of oil species, i.e. encourages the diversification of raw materials of higher-energy density. Coupled with that, as currently in Brazil, a huge amount of land can be used for agriculture expansion, in our opinion physic nut can be grown alongside with other oil-producing species with the purpose of supplying oil for biodiesel production, even on industrial-scale farming, as it responds well to enhancement of environmental conditions, and because there is no risk of competing with food crops or with other oilproducing species (oil-producing species and oil availability is thought to be regionalized).
Considering the second and the third scenarios, it is clear that genotypes will have to be improved, given that adequate management practices will not always be available. In this way, genotypes with enhanced stability could be desirable as such genotypes maintain its productivity potential even if the environmental conditions are not optimal. In this last scenario, the press cake, will probably assume another level of importance, as it can be used to feed livestock created in the same farms. In order to keep the plantation costs as low as possible, improved genotypes will probably be commercialized by means of seeds. Elevated grain and oil productivity will also be important, but another important issue will be continuous fruit maturation. This characteristic is important for small farmers as it minimizes the period without production. As the areas in these scenarios are expected to be small, both cultural practices and harvest may rely on family labour, reducing therefore the costs associated with it. A last issue that needs to be considered is that, in such cases, profit can be both direct and indirect. Direct profit comes, obviously, from the commercialization of the grain, oil or press cake, while indirect profit comes from the use of the press cake as an organic fertilizer or as feed to livestock. Indirect profit can also be obtained by harvesting of the associated intercrop. In that respect, the intercrop production may indeed be an important factor to make small production systems feasible. In all cases, economic studies are underway to determine the exact conditions needed to make physic nut cultivation a viable business.
Concluding Remarks
Even given the enormous challenges, our cautiously optimistic vision is that the substantial and focused Brazilian research initiative may successfully make physic nut a viable feedstock for biodiesel production. Given that it is a perennial un-domesticated species, we anticipate that it will take some years to obtain improved cultivars and to determine the correct production systems for different Brazilian regions.
